original clinical study Purpose: this study aimed to evaluate the long-term stability of minimally invasive radial keratotomy (mini-rK) for eyes with mild to moderate keratoconus.
K eratoconus causes paraxial stromal thinning and weakening, and the corneal surface distortion leads to vision loss.
1 For mild to moderate keratoconus, wearing hard contact lenses (Hcls) has been considered as the standard treatment.
2 When Hcl use becomes intolerable, surgical options such as penetrating keratoplasty, intrastromal corneal rings, and corneal collagen cross-linking 3, 4 are required depending on the severity of keratoconus. 5 in the late 1990s, radial keratotomy (rK) was used for flattening the steep keratoconus cornea 6 ; however, this treatment is currently contraindicated due to the postoperative complications (perforation and infection) and long-term stability. 7, 8 on the other hand, utine et al 9 performed rK treatments for mild to moderate keratoconus by restricting the central corneal thickness (CCT) greater than 400 μm and adjusting the number of incisions and size of the optic zone. the outcomes up to 5 years postoperatively demonstrate long-term stability. lombardi et al 10 developed asymmetric incisions that adjusted the incision design depending on the position of keratoconus on the cornea.
in the rK treatment, perforation due to inaccurate corneal thickness measurements and deeper incisions, and postoperative corneal integrity, are a concern. Perforation could be prevented with a precise pachymetry examination. lindstrom modified the rK minimized invasions by reducing the number, depth, and area of incisions, and this treatment (mini-rK) was safe and effective for myopic correction.
11 an assessment using cadaver eyes showed that change in the corneal integrity after mini-rK was less than after rK.
12 the corneal integrity also varied with the number of incisions: an evaluation using porcine eyes demonstrated that 8 or 16 incisions in mini-rK resulted in higher integrity than 4 incisions.
13 these findings suggested that mini-rK would be safer for mild to moderate keratoconus. Hence, we have performed minirK for Hcl-intolerant eyes with keratoconus since 1995 as a substitute for and less expensive option than the use of intrastromal ring segments (irs). this retrospective observational case series aimed to evaluate the long-term stability of the mini-rK treatment for eyes with mild to moderate keratoconus.
materials and methods
Eleven eyes from 6 patients underwent mini-rK due to Hcl-intolerant keratoconus from January 1996 to august 2008. informed consent for the surgery was obtained from all patients after an explanation of risk and alternative options for the surgery, and the tenets of the declaration of Helsinki were adhered to. inclusion criteria were Hcl-intolerant keratoconus, best-corrected visual acuity (BcVa) of 0.6 (snellen notation) or better, no scarring in the corneal center, and corneal endothelial cell density (Ecd) of 2000 cells/mm 2 or more. Eyes with other corneal diseases or history of ocular surgery were excluded.
after discontinuation of Hcl wearing for 3 to 4 weeks or longer, BcVa, uncorrected visual acuity (ucVa), keratometry, Ecd, and corneal thickness were examined preoperatively. Keratometry and Ecd were measured using an autokeratometer (Kr-8900; topcon, tokyo, Japan) and a specular microscope (Fa-3Fa-3509; Konan Medical, nishinomiya, Japan), respectively. corneal topography was measured using the atlas corneal topography system (Humphrey system, Pleasanton, ca; currently carl Zeiss Meditec ag, Jena, germany), oPd-scan iii (nidek, gamagori, aichi, Japan), or Pentacam (oculus, Wetzlar, germany). corneal thickness was measured using an ultrasonic pachymeter (us1800; nidek) or Pentacam, and the central and thinnest thickness at octant positions on an 8-mm diameter were obtained. severity of keratoconus was graded with the amslerKrumeich classification.
14 targets of correction were determined by keratometric refraction. surgery after topical anesthesia, the central 8.0-mm diameter and 8 radical lines were marked. the optical zone was determined with the preoperative ocular refraction and lindstrom mini-rK nomogram (table 1) .
11 radical incisions were created between the 8.0-mm mark and the optical zone bidirectionally using a dual track diamond knife.
15 the incision depths were 90% of the thinnest corneal thickness. the incisions were irrigated using a 27-gauge sautter cannula.
the postoperative regimen included topical 0.3% ofloxacin and 0.1% fluorometholone 4 times daily for 1 month and 0.1% diclofenac 4 times daily for 1 week. When substantial undercorrections were found, the incisions were re-treated to make a smaller optical zone or deeper incision depth up to 95% between 2 weeks and 1 month postoperatively.
Postoperative examinations
routine postoperative examinations included BcVa, ucVa, keratometry, and Ecd at 1 month, 1 year, and 2 years. the keratoconus grade and means of refractive correction 1 year after surgery were also recorded. For evaluating long-term stability, the examinations between 5 and 10 years postoperatively were also reviewed. changes in postoperative keratometric refraction were evaluated using the astigmatic components J 0 and J 45 in the power vector analysis 16, 17 : the J 0 component represented contributions of with-and without-the-rule astigmatisms, and J 45 represented oblique astigmatism. a P value less than 0.05 was considered statistically significant. results are expressed as mean ± standard deviation unless otherwise specified. results the mean patient age at surgery was 32.2 ± 6.0 years, ranging from 25 to 42 years. the preoperative keratometric refraction and astigmatism were 47.5 ± 4.7 diopters (d) (range, 42.9-56.5 d) and 2.15 ± 1.16 d (range, 0.62-4.88 d), respectively. the BcVa was −0.06 ± 0.09 logMAR. The preoperative data of the individual subjects are listed in Table 2 . In the mini-RK treatment, there was no perforation and infection. there were 9, 9, 8, and 11 eyes who attended follow-up at 1 month and at 1, 2, and 5-10 years, respectively. during the 5-10 year follow-ups, a bilateral patient visited at 6, 8, 9, and 10 years and 3 eyes of 2 patients were seen 
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the refractive corrections were given with patient age and incision length. With the target refraction and patient age, the incision length was determined. the postoperative BcVa and ucVa are shown in tables 3 and 4. the BcVa 1 month after mini-rK did not change from the preoperative BcVa (P = 1.00, Mann-Whitney U test), and there was no significant change during the postoperative period (P = 0.18, Kruskal-Wallis test).
Keratometric refraction decreased from preoperatively to 1 month postoperatively (P = 0.037) and was stable during the postoperative period (P = 0.59). there was no change from the preoperative through the postoperative period in keratometric astigmatism (P > 0.59). Figure 1 shows changes in corneal topography preoperatively and at 1 and 6 years postoperatively in patient 6. after mini-rK, corneal topography showed flattened and stable profiles through 6 years. Figure 2 shows changes in the J 0 and J 45 components. there was no change from the preoperative through the postoperative period (P > 0.65, KruskalWallis test).
the keratoconus grades 1 year after mini-rK resulted in 9 eyes with grade 1 and 2 eyes with grade 2. all of the eyes that were grade 1 preoperatively did not change their grade, and grade 2 or higher eyes improved to a lower grade after surgery. Postoperative refractive corrections were spectacles (3 eyes of 2 patients), Hcl (2 eyes of 1 patient), soft contact lens (1 eye), and toric phakic intraocular lenses (1 eye). there were 2 eyes of 1 patient that did not require any refractive correction.
as shown in table 4, the Ecd did not change between the discussion this case series of mild to moderate keratoconus showed long-term stability over 5 years after mini-rK. For mild to moderate keratoconus, utine et al 9 reported rK surgery in 170 keratoconus eyes with significant decreases in keratometric refraction over 1 year. lombardi et al 10 proposed asymmetric incisions and reported observations of 63 eyes for at least 5 years. although long-term stability after rK surgery has been a concern, the current case series demonstrated that mini-rK surgery is effective for eyes with keratoconus in mild to moderate stages.
the rK surgery for eyes with keratoconus is contraindicated due to poor predictability, corneal perforation, and instability. 6, 18, 19 these complications were published in the 1990s, when accurate examination of the cornea was not available. current advanced technology such as rotating scheimpflug imaging 20 or optical coherence tomography allows 3-dimensional measurement of the cornea, so that the position and thickness of the thinnest corneal portion can be determined accurately. Hence, the predictability and incidence of perforation is improved compared with examinations in the 1990s. the use of the dual track diamond knife creates sharp and precise incisions. We believe that advanced examinations and surgical techniques result in improvements in mini-rK outcomes.
the nomogram used in the current cases created 8 radial incisions. corneal integrity after rK surgery varies with the number of incisions, 12 and evaluations using fresh porcine eyes showed that 8 or 16 incisions in mini-rK were of higher integrity than 4 incisions. 13 additionally, minimally invasive incisions in minirK could sustain corneal integrity.
11 therefore, the use of minirK with 8 radical incisions is safer.
there were limitations in the current case series. the subjects were inherently limited due to the prevalence of patients suitable for the treatment and long-term observations. in 11 eyes of 6 patients, the keratometric refraction and endothelial cells were stable postoperatively, demonstrating the long-term stability of mini-rK surgery. to confirm this, longer-term evaluation with a sufficient sample size is required.
in conclusion, the mini-rK treatment is safe and effective for Hcl-intolerant eyes with mild to moderate keratoconus and could be a less expensive substitute for irs implantation with appropriate patient selection and postoperative examination.
